Integrating nanometre sized pores into hybrid organic-inorganic interconnect layers is one of the key approaches being undertaken by the semiconductor industry to sustain the continued scale down of micro-electronic devices. While increasing porosity of the layers achieves the desirable lowering of the dielectric constant (k), it also has the potential to reduce mechanical and thermal stability and degrade device functionality. We report on Brillouin light scattering to measure the independent elastic constants, and thus the mechanical properties, of ultrathin dielectric films with porosity levels up to 45%, the highest in the industry. Longitudinal and transverse acoustic standing mode type excitations were observed from sub 200 nm thick low-k thin films, and their frequency dispersion and associated light scattering intensities were utilized to determine Poisson's ratio (ν) and Young's modulus (E). In comparison with SiO 2 and non-porous low-k materials, significant modifications were found in ν and E of these highly porous carbon-doped SiO 2
Introduction
To increase functionality and speed of future electronic devices, the semiconductor industry has sought to decrease RC time delays by lowering the resistance (R) and the capacitance (C) of traditional metal/SiO 2 dielectric interconnects [1] . The use of Cu has enabled R to be minimized while reductions in C have been achieved by introducing interlayer dielectric (ILD) materials with increasingly lower dielectric constants (i.e. k) [2] [3] [4] [5] [6] . A common scheme being pursued in lowering C for next generation integrated circuits (IC) is to introduce methyl groups into the SiO 2 matrix ILD material. This alters the connectedness of the SiO 2 matrix and increases the free volume/nano-porosity present in the dielectric material [7] . A rich array of hybrid inorganic-organic low-k materials have been produced in this manner with the resulting dielectric constants spanning that of SiO 2 (k SiO 2 = 3.9) down to k values as low as 2.5 [8] . However, further reductions in interconnect RC delays will require ILD materials with k 2.5 and eventually k 2.0 [6] . At these k values, the diameter of the free volume starts to approach 1-2 nm and the resulting pores become increasingly interconnected [9] . Low-k materials with no interconnected porosity are typically referred to as 'dense' low-k ILDs, and materials with interconnected porosity as 'porous' low-k ILDs. While the benefits of increased porosity towards lowering k are important to future interconnect technologies, increased porosity adversely affects the mechanical properties (Young's modulus (E) and Poisson's ratio (ν)), of the resulting lowk materials as well as the fine features patterned into them [7, [10] [11] [12] [13] [14] [15] . These properties are crucial to the integrity of the dielectric and interconnect since poor stiffness and elastic properties can lead to cracking under the varying thermalmechanical loads experienced during IC fabrication and packaging [16] [17] [18] . The presence of interconnected porosity in porous low-k ILD materials also makes them susceptible to moisture assisted/stress-corrosion cracking, [19] and further reductions in mechanical properties by downstream plasma and wet chemical processing steps which are known to remove the terminal organic groups and attack the SiO 2 network [20] . Thus, accurate and non-destructive measurement of the mechanical properties of porous dielectric films becomes crucial for evaluating the viability of new low-k dielectrics for integration into complex structures. This need for a non-invasive metrology becomes even more important at film thicknesses below 200 nm where traditional nano-indentation techniques are generally not suitable since they tend to skew the measured mechanical properties upward due to substrate indenter interactions [21] . In this paper, we report on Brillouin light scattering (BLS) measurements [22] [23] [24] from sub-200 nm (down to 94 nm) thick films with porosity levels ranging from 17% to 45% to provide a reliable determination of their elastic constants (C ij ), which yield Poisson's ratio and Young's modulus.
Experiment
The thin films investigated in this study were all deposited on 300 mm diameter (1 0 0) Si wafers by plasma enhanced chemical vapour deposition (PECVD) or spin-on deposition (SOD). PECVD films were deposited at temperatures on the order of ∼250 • C using various combinations of organosilanes, alkoxysilanes, oxidizers, helium and sacrificial pore-generating porogens [25] . The solution for the SOD SiOC : H film consisted of a mixture of industry standard solvents, inorganic-organic oligomers and sacrificial organic porogens [2, 8] . The SiOC : H SOD oligomer solutions were spin coated onto the silicon wafers in a dynamic dispense mode and then given a soft bake in air at temperatures on the order of ∼100-200
• C for 60 s before final curing in dry N 2 at ∼200-300
• C for 60 s. The SOD polymeric a-C : H film utilized a self assembling chemistry without any sacrificial porogens and has been previously described [26] . The SOD polymeric a-C : H oligomer solutions were spin coated onto the silicon wafers in a dynamic dispense mode and then given a soft bake in air at temperatures on the order of ∼100
• C for 60 s before final curing in dry N 2 at ∼300-400
• C for 5 min. Post-deposition, all PECVD and some SOD films utilizing sacrificial porogens were given either a UV or electron beam cure at ∼400
• C. The UV/electron beam cure removes the second phase porogen material used to create increased porosity while also increasing the connectivity and mechanical properties of the resulting films [27] . To facilitate more efficient removal of the sacrificial porogen and generate increased porosity and lower k, the 45% porous PECVD film (#94) was cured for 500 s at
∼275
• C in the downstream afterglow of a ∼400 mTorr remote H 2 /He plasma prior to UV/electron beam curing. Atomic hydrogen from a remote H 2 /He plasma has been previously shown to selectively remove the sacrificial organic porogen without significantly attacking terminal Si-CH 3 groups and the SiO 2 network [28] . The resulting porous SiOC : H and a-C : H films were assumed to be amorphous and spatially isotropic.
Film thicknesses, ranging from 94 to 200 nm, were obtained from a J A Woollam variable angle spectroscopic ellipsometer (VASE). The percent porosity for the films investigated was determined by ellipsometric porosimetry [29] using a vacuum system equipped with a separate spectroscopic ellipsometer to measure changes in the optical properties of the porous materials upon exposure to the vapour of various different solvents. The mass densities for the porous films were determined by x-ray reflectivity (XRR) and ranged from 0.7 to 0.9 g cm −3 [30] . See table 1 for a summary of these and other material properties. The terminal and network bonding for the SiOC : H dielectrics in this study was investigated using transmission Fourier transform infrared (FTIR) spectroscopy [31, 32] . FTIR was not utilized to investigate the network bonding in the SOD a-C : H film due to the low IR absorption cross section of C-C bonds [32] .
BLS measurements were accomplished in backscattering geometry as described previously [33] with ∼100 mW of wavelength λ o = 514.5 nm p-polarized laser light focused to a 35-50 µm spot size. The scattering angle (θ) (figure 1), measured from the film normal (z-axis) was adjusted from 0
• to 60 • in 5
• intervals, with each spectra collected over a span of 0.5-2.0 h. At low θ, longitudinal and transverse standing modes (LSM and TSM) within the film (analogous to standing modes in an organ pipe), with respective displacement components perpendicular (U x ) and parallel (U z ) to the film normal were observed [34] . As θ increases, the standing waves transform into traveling waves with wave vector predominantly lying in-plane, along the x-direction.
Due to isotropy, the films can be described by two independent elastic constants C 11 and C 44 (C 12 ) through the relation C 44 = (C 11 − C 12 )/2. The measured BLS mode frequencies are fit to a calculation of mode dispersion based on a Green's function formalism to determine C 11 and C 44 [35, 36] . The same formalism provides for the mode displacements and the Brillouin scattering intensities [37] . Assuming an isotropic homogenous material, the C 11 and C 12 (C 44 ) values allow ν and E to be calculated through the relations ν = C 12 /(C 11 + C 12 ) and E = (((1 + ν)(1 − 2ν))/ν)C 12 . • , 15
• , 45
• and 60
• . At low angles, the N = 2 and N = 3 LSM modes are observed. As θ increases the modes become dispersive and additional modes emerge. The calculated spectra, utilizing elastic constants derived from the frequency dispersion (figure 2), are illustrated above each measured spectrum. 
Results
The five samples investigated range in porosity from 17% to 45% (table 1) . To highlight our main results, we illustrate results from two SiOC : H samples: (i) 200 nm thick with 33.5% porosity and (ii) 94 nm thick with 45% porosity. Representative BLS spectra showing the Stokes and antiStokes shifted peaks at several scattering angles from the 200 nm film are illustrated in figure 1. Observing the Stokes and anti-Stokes shifted peak pairs ruled out the possibility of spectral artifacts with the mode frequencies determined by their average. Multiple modes are observed and the variation of their frequencies with scattering angle is summarized in figure 2 . At small θ where longitudinal type modes dominate, N = 2 and N = 3 LSM harmonics are evident at 6.6 GHz and 11.6 GHz, respectively, while N = 2, N = 3 and N = 4 TSM modes occur 4.2 GHz, 6.6 GHz and 9.7 GHz, respectively. Similarly, figure 3 displays BLS spectra for the • and 60
• . At low angles, the N = 1 and N = 2 LSM modes are observed. As θ increases the modes become dispersive and additional modes emerge. The calculated spectra, utilizing elastic constants derived from the frequency dispersion (figure 4), are illustrated above each measured spectrum. highest porosity (45%) film, a 94 nm thick SiOC : H layer. In this case, at low θ, the N = 1, 2 LSM modes are observed at 4.3 and 12.9 GHz, and the N = 2, 3 TSM modes at 7.8 and 12.9 GHz, respectively. Again, the strongest BLS peaks (4.3 and 12.9 GHz) in the low θ(< 10
• ) spectra corresponded to the LSM mode, with the weaker peak corresponding to the N = 1 TSM mode not being resolved in the measurement. Figure 4 summarizes the mode dispersions with relation to the scattering angle θ for the 94 nm thick film.
Discussion
As noted, for low θ (<10
• ), the standing wave type excitations in the thin films can be described as acoustic modes similar to those in an organ pipe, where the open end corresponds to the film surface and the closed end to the film/substrate interface [34] . The LSM (TSM) excitations whose mode amplitudes at θ ∼ 5
• are shown in insets to figures 2 and 4, are largely controlled by C 11 (C 44 ), which can lie within the error range quoted in table 2 and still provide a fit to the LSM (TSM) mode within 5%. The character of the modes is evident from the calculated mode amplitudes, with U z denoting LSM amplitudes as a function of film depth, and U x the corresponding TSM amplitudes. As θ increases, these modes progress into traveling waves with increasing wave vector components parallel to the film surface. Further confirmation of the mode assignment and of the elastic constants C ij is found in the measured BLS peak intensities (figures 1 and 3). For instance in figure 1 at low angle (θ = 5 • ), the stronger peaks observed at 6.6 GHz and 11.6 GHz correspond to 2 LSM and 3 LSM which is consistent with mode displacement profiles dominated by U z (and thus C 11 ) leading to enhancement of the associated surface ripple mediated light scattering [38] . On the other hand, at this low angle, the weakness of the peak at 9.7 GHz (4 TSM) is consistent with its dominant U x character that does not contribute to the surface ripple. At higher scattering angles the transverse components of the mode displacements do contribute to surface undulations U z and to ripple-based scattering [38] . The corresponding BLS peak frequencies and intensities are thus most sensitive to C 44 at high θ. In these cases, due to the small scattering volume within the ultrathin films, elasto-optic mediated scattering [37] is weak. The BLS peak intensities illustrated above each measured spectrum in figures 1 and 3 were calculated using the ripple mechanism. Evaluated by matching electromagnetic boundary conditions across the rippled surface and interface, the BLS scattering intensities are sensitive to the extent of the undulations and thus to the individual C ij s. As illustrated in figures 1 and 3, the measured peak profiles are fairly well described by the intensity calculations. For instance several features: (a) transformation of the overlapping peaks (figure 3) in the 4-5 GHz range at 40
• and their evolution to distinct modes as θ increases to 60
• , (b) the broad asymmetric mode (figure 1) evident at θ = 15
• and its progression with increasing scattering angle are in reasonable agreement with the measured spectra. When taken in conjunction, the calculated BLS peak intensities (figures 1 and 3) and the dependence of the mode frequencies with θ (figures 2 and 4), provide tight constraints on the measured elastic constants for the corresponding low-k layers. The fact that only two independent elastic constants-C 11 and C 44 -are sufficient to describe the dispersion and BLS peak intensities, is additional evidence for the isotropy of the films on a scale of the wavelength of the acoustic waves probed.
The fits illustrated in figure 2 for the mode frequencies and corresponding BLS intensity profiles for the 200 nm thick 33.5% porous film yield C 11 = 3.0, C 12 = 0.9 and C 44 = 1.1 GPa, respectively. Similarly, the fits illustrated in figure 4 for the mode frequencies and corresponding BLS intensity profiles for the 94 nm thick 45% porous film yield C 11 = 2.0, C 12 = 0.5 and C 44 = 0.8 GPa, respectively. These elastic constants lie well below those of SiO 2 (C 11 = 75 GPa and C 44 = 22.5 GPa) and of a less porous (25%) SiOC : H thin film whose elastic constants C 11 = 10.0 GPa, C 12 = 2.9 GPa, C 44 = 3.6 GPa were previously determined through BLS [33] .
The Young's modulus calculated for the five samples studied range between 1.8 and 3.9 GPa (see table 2 ). These values are consistent with separate nano-indentation Young's modulus measurements on identical but slightly thicker films (200-500 nm) [33] . As shown in table 2, the values of Young's modulus determined by nano-indentation ranged from 4 to 6 GPa. These values are 2-3 GPa higher than those determined by BLS. This is consistent with previous studies where Young's modulus determined from BLS measurements was observed to be slightly lower than those determined by nanoindentation. This offset between BLS and nano-indentation was attributed to parasitic substrate effects in the nanoindentation measurements [33, 37] . Due to the low values of Young's modulus for the porous films investigated in this study, the 2-3 GPa offset represents an almost 2X overestimate in the elastic properties determined by nano-indentation. This result highlights the need for alternative techniques for measuring the mechanical properties of ultrathin (<100 nm), low-k/low modulus materials and the risks associated with utilizing mechanical properties determined by nano-indentation in modelling thermo-mechanical reliability.
Of the samples investigated, the 45% porous film (#94) with the lowest dielectric constant (2.0) also has the lowest Young's modulus (1.8 GPa). This is consistent with this material also having the highest porosity and lowest density. The effect on the resulting network structure for sample #94 of the remote H 2 /He plasma and UV cures was additionally investigated using transmission FTIR measurements. Figure 5 shows transmission FTIR spectra of the C-H stretch absorption band for sample #94 (a) post-deposition, (b) post-remote H 2 /He plasma cure and (c) post-UV curing. Post-deposition, there is strong absorption from 2800 to 3100 cm −1 by sp 2 and sp 3 CH x groups in both the organic pore builder and bonded to the SiOC : H matrix. However post-remote H 2 /He plasma curing, the intensity for this absorption band drops significantly. In particular, absorption from 2900 to 3100 cm −1 that is characteristic of sp 2 CH x groups from the porogen is completely absent and indicates efficient removal of the second phase organic porogen material [40] . The remaining detected CH x absorption bands at ∼2900-2920 and 2975 cm −1 are, respectively, attributed to terminal CH 3 groups bonded to the SiOC : H matrix [41] . Post-UV curing, there is little change in the absorbance for the remaining CH x entities. Figure 6 shows transmission FTIR spectra for the Si-C and Si-O stretching absorption bands from the same sample #94 films in figure 5 . Post-deposition ( figure 6(a) ), strong absorbance is detected for Si-C and Si-O stretching modes at ∼800 and 1060 cm −1 , respectively, and several Si-CH 3 rocking, Si-H wagging, and Si-CH 3 wagging modes at 720-840 cm −1 , 885 cm −1 and 1275 cm −1 , respectively, are also detected [41] .
Post-remote H 2 /He plasma curing ( figure 6(b) ), only modest changes are observed in the intensity of these absorption bands. The most notable changes are a slight increase in absorbance for the Si-O stretching band and a decrease in intensity for the Si-H deformation band. Slight changes in the width of the Si-CH 3 wagging band are also observed and may suggest an increase in the ratio of Si(CH 3 ) 3 to Si(CH 3 ) 2 groups in the material. However post-UV curing ( figure 6(c) ), the Si-O network stretching absorbance increases significantly with relatively minor changes in the Si-C and Si-CH 3 absorption bands. These results confirm that the remote H 2 /He plasma treatment primarily serves to efficiently remove the organic porogen, while the UV cure primarily drives increased Si-O network bonding and ultimately controls the final mechanical properties of the resulting film.
The porous material with the highest Young's modulus (3.9 GPa) was the SOD SiOC : H film. As the density and porosity for this film is not significantly different from those of the other two PECVD SiOC : H films, the higher Young's modulus must be due to subtle differences in the composition and network structure of this material. This was partially confirmed by separate x-ray photoelectron spectroscopy measurements (table 1) that show this material has nearly twice the carbon content of the PECVD SiOC : H materials. This is in contrast to a previous investigation where we observed that non-porous SiOC : H dielectrics with high carbon content had lower Young's modulus values relative to porous SiOC : H dielectrics with low carbon content [33] . The differences in the role of carbon content in determining Young's modulus between the current and previous study indicate that subtle differences in how carbon is incorporated into the low-k material (i.e. terminal Si-CH 3 versus network Si-C-Si) likely play a determining role in the resulting mechanical properties. This is further supported by the results from the SOD polymeric a-C : H film that is comparatively 100% carbon, yet shows similar mechanical properties to the other PECVD SiOC : H dielectrics.
The role of the incorporation of carbon as network Si-C-Si versus terminal Si-CH 3 bonding was further investigated using transmission FTIR measurements. These measurements showed significant differences in the chemical bonding for the SOD versus the PECVD SiOC : H films. As illustrated in figure 7(a) , the FTIR spectrum for PECVD SiOC : H film #625 shows a prominent Si-O-Si stretching absorption band peaking at approximately 1060 cm −1 . In addition, several Si-CH 3 stretching/rocking and wagging deformation bands can be observed at approximately 775, 800, 835 and 1255 cm −1 [41] . In contrast, the FTIR spectrum for the SOD SiOC : H film #322 (see figure 7(b) ) shows diminished intensity for all the Si-CH 3 bands, and in particular the visibly apparent fine structure in the rocking deformation band has also disappeared. This could be interpreted as a switch from predominantly Si-CH 3 terminal bonding to Si-C-Si network bonding as observed in other dense SiOC : H and SiC : H dielectrics [32, 42] . Lastly, the peak for the Si-O-Si stretching absorption band is clearly shifted to approximately 1110 cm −1 . This could be due to either a shift in the mean Si-O-Si bond angle and/or a switch from predominantly network to cage Si-O bonding. Both could be could a result of incorporation of Si-C network bonding [41] .
The corresponding Poisson's ratios for these porous materials lie between 0.13 and 0.29 (table 2) . These are comparable to the Poisson's ratios for aerogel materials that have been reported to lie in this range [43, 44] . Specifically, Poisson's ratios of 0.18 to 0.22 have been reported for aerogels with porosities of 20% to 40% [44] . It is interesting to note that the SOD SiOC : H dielectric with the highest Young's modulus also has the highest Poisson's ratio. In contrast, the SOD polymeric a-C : H film has a smaller Poisson's ratio of 0.18 that is uncharacteristic of other polymer materials [33] .
Theories on the elastic properties of random porous media depend on the properties of the solid matrix, the solid volume fraction and the microstructure. Depending on the shape and volume fraction of the pores, a variety of effective medium and rigorous approximations provide predictions on the linear elastic response [45] . Moreover, a number of theoretical formulae relevant to macroscopically interconnected or interpenetrating pore phases and bi-continuous structures have also been proposed [46] [47] [48] . A finite element approach to study the elastic properties of random three-dimensional porous materials with highly interconnected pores show that Young's modulus is practically independent of Poisson's ratio of the solid phase (ν s ) over the entire solid fraction range [45] . Moreover, it is found that Poisson's ratio of the porous layer ν becomes independent of ν s as the percolation threshold is approached [45] . To verify a particular theory, not only should it correctly provide for the Young's modulus, but the subtleties of the Poisson's ratio behavior provides for an effective method for revealing differences between the theories and demonstrating their range of validities [45] . Results such as those presented here should thus be useful in discriminating the merits of various theoretical approaches that describe the elastic properties of random three-dimensional porous materials.
Conclusion
Longitudinal and transverse standing acoustic modes have been observed from low-k dielectric films deposited on silicon substrates that are thinner and more porous than those previously studied. BLS has been used to nondestructively measure the frequency dispersion as a function of phonon wave vector for five ultrathin (<200 nm) samples. In addition to fitting the variation of the mode frequency with scattering angle, the calculated peak intensities place additional independent constraints on the values of the measured elastic constants from which Poisson's ratio and Young's modulus are determined. Values of Poisson's ratio (Young's modulus) are found to vary from 0.13 to 0.29 (1.8-3.9 GPa) indicating that the mechanical properties of the nanofilms investigated in this study are strongly influenced by porosity levels and growth parameters.
